Until about two decades ago it was firmly believed that man was the only natural reservoir of classic epidemic typhus and that the louse was the principal vector. This view was challenged by Reiss-Gutfreund (18, 19) , who presented evidence of infection with Rickettsia prowazekii of domestic animals and their ticks in Ethiopia. However, extensive work by Ormsbee et al. (13, 14) and McDade and Wisseman (10) failed to support the hypothesis that an extrahuman reservoir of infection plays an important role in the ecology of epidemic typhus rickettsiae.
The search for possible extrahuman reservoirs of typhus rickettsiae was further stimulated by the isolation by McKiel et al. (11) of a rickettsia, which they named Rickettsia canada, from a pool of ticks taken from an indicator rabbit. Surprisingly, the isolate resembled the typhus group (biotype) of rickettsiae more closely than the Rocky Mountain spotted fever biotype, but was not identical to either R. prowazekii or R. typhi. Although there is no direct evidence of human infection with R. canada, Bozeman et al. (1) obtained serological evidence that four individuals suspected of having Rocky Mountain spotted fever were more likely infected with R. canada or with both rickettsiae. While investigating further the ecological niche ofR. canada, Bozeman et al. (2, 3) recovered unexpectedly several strains of R. prowazekii from flying squirrels (Glaucomys volans volans) that had been captured in Virginia and Florida. Thus, the hypothesis of a widespread extrahuman reservoir ofR. prowazekii was once again raised.
Besides the candidate avirulent live vaccine strain E, obtained by repeated serial egg passage (16) , and drug-resistant derivatives of strain E, obtained by repeated passage in the presence of drugs (21) , strain variation in R. prowazekii has not been noteworthy. For example, Topping et al. (20) and Perez Gallardo and Fox (16) in the course of their studies examined the Breinl strain, isolated approximately in 1920 in Poland, the Ml strain (parent of the E strain), isolated in Spain in 1941, and the P strain, isolated in Colombia in 1942. The three strains appeared to have entirely comparable antigenic properties, immunogenicity, and virulence for laboratory animals. Although the flying squirrel isolates appear to be identical to the other strains of R. prowazekii by these criteria (2) , alternative measures of their simi-larity may help illuminate the extent of variation in the typhus rickettsiae.
Progress in rickettsial plaque technology (9, 27, 28) has provided an excellent tool for differentiating rickettsial biotypes and, possibly, some indication of strain variation. Another genetic marker was provided by the early work of Ormsbee et al. (15) , who showed that typhus rickettsiae are considerably more susceptible to the antibiotic erythromycin than are spotted fever rickettsiae. This characteristic may be useful in strain differentiation, since mutation to complete erythromycin resistance presumably involves a single step (24) . Studies on the physiology of rickettsiae conducted in our laboratory during the past 2 years have provided additional criteria by which rickettsial strains can be compared. Physiologically active cells of R. typhi and R. prowazekii virtually free of host cell components can now be obtained (5, 23) . Consequently, their hemolytic, catabolic, and enzymatic activities can be determined without interference of host cell enzymes or substrates (4, 29) .
This paper describes the comparison of four flying squirrel isolates with established strains of the typhus biotype by a number of biological tests using whole rickettsial cells. The characteristics illustrated by these tests are phenotypically unrelated. In a paper in preparation (G. A. Dasch, J. R. Samms, and E. Weiss), these strains are compared by more strictly biochemical criteria.
MATERIALS AND METHODS Preparation of rickettsial seeds. Rickettsial seeds were prepared from infected yolk sacs processed through step 2, as described by Weiss et al. (23) , except that brain heart infusion broth (BHI, Difco) instead of diluent K36 (26) was used for the final suspension. A single lot of seed was large enough in most cases to provide a sufficient number of ampoules for all the experiments described below. Each ampoule contained 1.0 to 1.2 ml of rickettsiae suspended in a volume of BHI roughly equivalent to that of the original yolk sacs. The ampoules were stored at -70°C.
Passage histories of rickettsial seeds. The flying squirrel strains ofR. prowazekii were designated Gv (for G. volans), F (for Florida), or V (for Virginia). Their passage histories are as follows: GvF-12, 1 Gv/ 4E (E for egg); GvF-16, 1 Gv/5E; GvV-250, 6E; GvV-257, 1 Microtus/6E. For further information on these strains see Bozeman et al. (2, 3) . The Breinl strain of R. prowazekii (12) was passed in guinea pigs an unknown number of passages and was designated 157E, although the precise number of egg passages is not known. The E strain (16) was approximately in its 280th egg passage when received in the laboratory of E. Weiss (25) . The passage level of our seed can be designated 283E/LD (limit dilution passage in eggs)/2E. The erythromycin-resistant subline of E (24) entailed, in addition, 12E in the presence of erythromycin/LD/5E. The erythromycin-resistant strain is designated ER. The Wilmington strain ofR. typhi (11) was isolated from the blood of a patient in Wilmington, N.C., in 1928 and was passed in guinea pigs and eggs an unknown number of times, but the egg passage level is >100E plus 2E in our laboratory. The R. typhi strain 18 (ATCC VR no. 738), submitted to the American Type Culture Collection by R. A. Ormsbee, was isolated from a wild rat trapped in Balboa Park, Calif., in January 1943. Its passage history is 3GP/34E/15 guinea pig/3E. R. canada strain 2678 (11) has the following passage history: 5E/1 Dermacentor andersoni/7E. The MK strain ofR. akari (7), isolated from a patient in 1946, has a history of 1 mouse/31E. The Breinl strain ofR. prowazekii, the Wilmington strain of R. typhi, R. canada, and R. akari were originally obtained from the collection of the Walter Reed Army Institute of Research.
Egg inoculation. The chicken embryos were obtained from pullorum-free and Newcastle diseasefree flocks fed on antibiotic-free diet, but were not leukosis virus-free (Truslow Farms, Chestertown, Md.). The embryos were 7 days old on the day of inoculation, and all injections were made via yolk sac. Rickettsial seeds were diluted in BHI, and volumes injected were 0.4 ml or 0.2 ml when following erythromycin injection. For the preparation of pools of infected yolk sacs, the rickettsiae were diluted empirically so that 20 to 60% of the embryos died within 7 to 10 days after inoculation and the yolk sac smears displayed numerous rickettsiae. The yolk sacs of the surviving embryos were then harvested. For the determination of chicken embryo lethality or protection by erythromycin, embryo deaths were recorded daily at about the same time as the time of inoculation. The experiments were terminated on the 13th day after inoculation and, for the calculation of the average day of death, the surviving embryos were arbitrarily given 14 days as the day of death. For the determination of erythromycin susceptibility, erythromycin lactobionate (for injection, USP, Abbott Laboratories, North Chicago, Ill.) was used. Each vial contained 1 g of erythromycin equivalent and 0.18 g of benzyl alcohol. The vial contents were dissolved in 20 ml of distilled water, and further dilutions were done in phosphate-buffered saline. Eggs were injected with 0.2-ml volumes of erythromycin 20 to 40 min before injection with rickettsiae.
Purification of rickettsiae. The procedures of purification and of testing hemolytic activity and glucose and glutamate catabolism of viable rickettsiae were identical to those previously described (23 
RESULTS
Plaque formation. Plaques formed by the flying squirrel strains and by some previously isolated strains of typhus rickettsiae are illustrated in Fig. 1 and described in Table 1 . There was relatively little difference in the time of appearance and morphology among the various strains. Plaques were rarely seen at day 6, and consistent numbers were not observed unless the period of incubation before staining was extended to 10 days, at which time the numbers were proportional to the dilution. The plaques were irregular in size and morphology, and their margins in most cases were not clearly defined. In contrast, R. akari produced clear plaques that could be readily seen at day 6 and were about 2 mm in diameter by day 10. The size of plaques of the flying squirrel strains in general varied somewhat more than those of the Breinl and the two R. typhi strains, although even with these strains an occasional large plaque occurred. The plaques of R. canada and especially those of strain ER were larger than the rest, although clearly smaller and more turbid than those of R. akari. The results obtained with the Breinl and Wilmington strains were entirely similar to those obtained by other investigators, but the sizes of the plaques ofR. canada and the ER strains, for some unknown reason, were somewhat larger (10, 28) . No particular significance can be attached to differences in the plaque titer of the seed, since there was considerable variation in time of harvest of the infected yolk sacs.
Virulence for the chicken embryo. During the course of preparation of rickettsial pools, it became apparent that each strain had to be diluted somewhat differently to provide satisfactory harvests. Determination of the plaque titers of the seeds offered an opportunity to study the dose-related lethality for the chicken embryo of the various seeds. Each strain was injected into chicken embryos at three concentrations, 3 x 105, 104, and 3.3 x 102 plaqueforming units per egg. The survival times ofthe embryos, plotted in a geometric sequence, are shown in Fig. 2 . The three strains with the longest egg passage histories, ER, Breinl, and Wilmington, killed embryos most rapidly. However, R. canada, GvF-12, and R. typhi ATCC VR 738 killed embryos almost as rapidly. A small but significant delay in lethal effect was noted in the case of GvF-250, and more pronounced delays were seen with strains GvV-257 and GvF-16. In fact, 5 of 15 and 10 of 15 embryos were alive 13 days after inoculation with 3.3 x 102 plaque-forming units of GvV-257 and GvF-16, respectively. Smears of surviving embryos generally contained large numbers of rickettsiae. On the other hand, embryos inoculated with very large numbers of rickettsiae often died early without manifesting heavy yolk sac infection. This was particularly true of strain R. typhi ATCC VR 738.
Erythromycin susceptibility. The susceptibility of the various strains to erythromycin was determined in eggs inoculated with concentrations of rickettsiae expected to kill the embryo in 6 to 8 days. There were no significant differences among the strains of the typhus biotype ( Table 2 ). Doses of 10 ug per egg increased the survival time by 2.4 to 3.5 days, whereas 30 ,g resulted in the 13-day survival of about five-sixths to one-third of the embryos. With 100 ,ug, the great majority of embryos survived. Very few if any rickettsiae were seen in the yolk sacs of surviving or dead embryos that had received 30 to 100 jig of erythromycin.
The only exception was the erythromycin-resistant E strain (ER), which was unaffected by 1 mg of erythromycin, as in previous experiments (24) . R. akari, as expected (15), required 100 ,g of erythromycin for a degree of inhibition comparable to that produced by 10 jig on strains of the typhus group.
Yield and activity of purified rickettsiae. The flying squirrel strains were as readily separated from yolk sac components by Renografin density gradient centrifugation as the other strains of R. prowazekii, the two strains of R. typhi, and R. canada. Total yields of rickettsial protein varied considerably, in part because optimal inocula were not used in all cases ( Table 3 ). The Breinl and Wilmington strains most consistently yielded large harvests, estimated in some cases to exceed 5 (5) , consistently yielded relatively small harvests. Excellent harvests were obtained from GvF-12, GvF-16, and R. typhi ATCC VR 738, and entirely satisfactory harvests were obtained from the other strains. There appeared to be no relationship between the virulence of each strain for the chicken embryo (Fig. 2) and the yield ofpurified rickettsiae that could be obtained from infected yolk sacs.
All strains hemolyzed sheep erythrocytes ( Table 3 ). It should be noted that some lots of erythrocytes were not lysed very well by the rickettsiae, as determined by control tests with the Wilmington strain. The data on hemolytic activity in Table 3 Somewhat more consistent results were obtained in tests of catabolic activity. The variation in specific glutamate catabolic activity of the strains was also 2.3-fold. This degree of variation in results obtained with the nine strains listed in Table 3 is not unexpected considering that the specific activity of some of the rickettsial enzymes and hemolytic activity vary with the phase of growth (4, 29 The results obtained clearly place the flying squirrel strains in the typhus biotype. Plaque characteristics are well within the range encountered among the three species of the biotype, but are clearly different from those of R. akari. The same is true of the high susceptibility to erythromycin, although this property can easily be lost, at least in the laboratory (23) . The biotype is also clearly identified by some of the criteria illustrated in Table 3 . The procedure of purification by Renografin density gradient centrifugation was equally satisfactory for all strains. It is somewhat less satisfactory for R. tsutsugamushi (6) , and harvests of rickettsiae of the spotted fever biotype comparable to those shown are not obtained from the yolk sacs of embryos that are still alive (22) . Lytic activity for sheep erythrocytes is a property that clearly distinguishes the typhus rickettsiae group from the other two biotypes. In experiments not shown here, the hemolytic activity of R. canada apeared to be entirely comparable to that of strain ER or Wilmington. In contrast to hemolytic activity, glutamate catabolism and absence of glycolytic activity are believed to be properties of the entire genus Rickettsia (22) . The rates of glutamate catabolism by R. rickettsii obtained in our laboratory about a decade ago (17) are within the range of those obtained in this study.
The only clear demonstration of strain differences was obtained when embryos were inoculated with comparable numbers of plaque-forming units. Greater or lesser virulence for the chicken embryo did not appear to be associated with other properties of the strains. Variation among rickettsial strains in virulence for a new host, although not well documented, is often encountered. The basis for this variation has not been investigated. The practical importance of the experiment shown in Fig. 2 is obvious, since optimal rickettsial harvests in our studies depended on the careful selection of inocula that killed half of the embryos in about 8 to 11 days.
In contrast to the tests described in this paper done with whole rickettsial cells, which identified only the biotype, tests with cell fractions clearly placed the flying squirrel strains in the species of R. prowazekii (Dasch et al., manuscript in preparation).
